Sensitivity studies and laboratory measurements for the laser heterodyne spectrometer experiment by Allario, F. et al.
SENSITIVITY STUDIES AND LABORATORY MEASUREMENTS  FOR 
THE  LASER  HETERODYNE  SPECTROMETER  EXPERIMENT 
Frank  Al la r io  and  Stephen  J. Katzberg 
Langley Research Center 
Jack C. Larsen 
Systems and Applied Sciences, Corp. 
INTRODUCTION 
Severa l   exper iments   involv ing  spectral  s c a n n i n g  i n t e r f e r o m e t e r s  ( r e f .  1) 
and  gas f i l t e r  c o r r e l a t i o n  r a d i o m e t e r s  ( r e f .  2 )  us ing  l imb scanning  so lar  
occu l t a t ion  t echn iques  are current ly  under  development  for  measurements  of  
s t r a tosphe r i c  t r ace  gases  f rom Space lab  and s a t e l l i t e  p la t forms .  The s c i e n t i f i c  
r equ i r emen t s  fo r  improv ing  the  cu r ren t  unde r s t and ing  o f  t he  phys ic s  and 
chemistry of  the upper  a tmosphere were r e c e n t l y  summarized by s e v e r a l  NASA- 
sponsored science working groups (refs .  3 ,  4 ) ,  i n  which the importance of  
d i r e c t  measurements  of  rad ica l  spec ies  in  the  s t ra tosphere  were h i g h l i g h t e d  f o r  
t he  th ree  bas i c  chemica l  f ami l i e s  i nc lud ing  ch lo r ine ,  hydrogen ,  and n i t rogen .  
Recent ly ,  NASA sponsored a science working group t o  s t u d y  t h e  r o l e  o f  h i g h  
reso lu t ion  spec t roscopic  measurement  techniques  in  the  fu ture  deve lopment  of  
t h e  Upper Atmosphere  Research  Program ( r e f .  5 )  , and  emphasized the  impor tance  
of fu tu re  co l l abora t ive  expe r imen t s  be tween  spec t r a l ly  scann ing  in t e r f e romete r s  
and laser heterodyne spectroscopy techniques from bal loon and free-f lyer  plat-  
forms ,  espec ia l ly  in  obta in ing  s imul taneous  measurements  of  a l a r g e  number of 
sou rce ,  s ink ,  and in t e rmed ia t e  gas  molecu le s  in  the  s t r a tosphe re .  
A t  the  Langley  Research  Center ,  an  exper iment  to  measure  s t ra tospher ic  
trace c o n s t i t u e n t s  by Laser Heterodyne Spectroscopy has been under study for 
s e v e r a l  y e a r s ,  and a summary o f  s e n s i t i v i t y  a n a l y s e s  and  suppor t ing  labora tory  
measurements W a s  r e c e n t l y   p u b l i s h e d   ( r e f .  6). The b a s i c  model u s e d   f o r   t h e  
s e n s i t i v i t y  s t u d i e s  i n c l u d e d : ( l )  a l i n e - b y - l i n e  r a d i a t i v e  t r a n s f e r  c o d e  t o  
ca lcu la te  t ransmiss ion  of  so la r  rad ia t ion  through the  upper  a tmosphere  in  a 
limb scanning mode, i n  n a r r o w  s p e c t r a l  i n t e r v a l s  (40 t o  1000 MHz) spanning   the  
i n f r a r e d  from 2 . 0  t o  1 5 . 0  pm; ( 2 )  an  in s t rumen t  t r ans fe r  code  to  s imula t e  the  
i n s t r u m e n t  r e s p o n s e  f u n c t i o n ,  c o n v e r t i n g  t h e  s o l a r  i r r a d i a n c e  t o  d i g i t i z e d  
v o l t a g e s  as a f u n c t i o n  o f  a l t i t u d e ;  a n d  ( 3 )  an i n v e r s i o n  a l g o r i t h m  t o  c o n v e r t  
t h e  d i g i t i z e d  v o l t a g e s  t o  v e r t i c a l  g a s  c o n c e n t r a t i o n  p r o f i l e s .  R e s u l t s  w e r e  
p r e s e n t e d  f o r  CRO and O3 f o r  a gene ra l i zed  two gas  s imultaneous LHS 
experiment.  
I n  t h i s  paper, similar s e n s i t i v i t y  a n a l y s e s  are p r e s e n t e d  f o r  0 3 ,  CEO, and 
H202 i n  wh ich  the  in s t rumen t  t r ans fe r  func t ion  is  modeled using a d e t a i l e d  
o p t i c a l  r e c e i v e r  d e s i g n  c u r r e n t l y  u n d e r  s t u d y  a t  the Langley Research Center  
and using recent  laboratory measurements  of  var ious subsystems of  the LHS 
ins t rument .  The labora tory  measurements  have  been  repor ted  in  para l le l  papers 
a t  t h i s   c o n f e r e n c e   ( r e f s .  7 ,  8 ) .  The spa t ia l  frequency  response  of an LHS-type 
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Spacelab instrument has also been reported a t  this  conference (ref.  9) ,  and 
p r e s e n t s  r e s u l t s  of t radeoff  s tud ies  per formed to  achieve  a v e r t i c a l  r e s o l u t i o n  
i n   t h i s  paper inco rpora t e  the  r e su l t s  of these  o the r  s tud ie s  and provide perf om^ 
a n c e  c r i t e r i a  r e q u i r e d  f o r  key  components  of t h e  LHS experiment including the 
tunable semiconductor lasers, the photomixers, and the  po in t ing  and t r ack ing  
optics. The op t i ca l  r ece ive r  des ign  and support ing analyses  and measurements 
are used t o  de te rmine  pro jec ted  accurac ies  for  measurement of t h e  v e r t i c a l  
p r o f i l e s  of CEO, 0 3 ,  and H202 .  
- <2 k m  and optimum s i g n a l - t o - n o i s e  r a t i o  f o r  t h e  measurement. Resul t s  repor ted  
INSTRUMENT TRANSFER FUNCTION (ITF)  
ITF Model 
The model f o r  t h e  ITF used i n  t h e  LHS s e n s i t i v i t y  a n a l y s e s  is  shown i n  
f i g u r e  1 and accounts  for  processing of  the input  solar  radiometr ic  s ignal  and 
the  laser  loca l  osc i l la tor  th rough the  respec t ive  t ransfer  op t ics ,  photomixer ,  
wideband preamplif ier ,   f ive  intermediate   f requency (1.F.) ampl i f ie rs ,  square  
law d e t e c t o r s  and l o w  pass f i l t e r s .  
The power spec t r a l  dens i ty  o f  t he  s igna l  and no i se  fo r  a given I .F.  
frequency through the I .F.  channelization and amplification stages i s  given as 
where S (f  - f ) = 
0 
S*(f + f ) = 
0 
-1 (1) 
t h e  s p e c t r a l  power a t  t h e  photomixer  (ergs/sec-cm 1 ,  
lower sideband 
t h e  s p e c t r a l  power a t  t h e  photomixer  (ergs/sec-cm 1,  
upper sideband 
-1 
ef fec t ive  noise  tempera ture  of the  preampl i f ie r  
e lectronic  charge 
e lec t r ica l   f requency  
loca l  osc i l la tor  f requency  
quantum e f f i c i ency  
power r e q u i r e d  t o  g e n e r a t e  t h e  t o t a l  s h o t  n o i s e  p r e s e n t  i n  
the photomixer 
222 
. . ... 
Rm = mixer resistance 
= loca l  osc i l la tor  power P 20 
2 
IH, (IF) I , I HpA(IF) I , and I HIF ( IF)  I are the power spectral  density 
transfer functions of the photomixer, preamplifier, and intermediate fi l ter/  
ampl i f ie r  f i l t e r  combination,  respectively. I n  the expression for the spectral 
power density at  the photomixer, S( f  - f o ) ,  it is  assumed that the heterodyne 
receiver integrates over a solid angle field of  view ( R )  and detector area ( A ) ,  
according t o  Siegman's  antenna theorem ( re f .  1 0 ) .  The model takes into account 
appropriate losses due to  polar izat ion effects ,  and chopping of the solar 
s ignal  ( ref .  11) , as well as the appropriate optical losses due to  the t ransfer  
optics. The final output of the signal after the low pass f i l t e r  is given by 
2 
The heterodyne signal 
S ( I D c )  = e a P 2 2  
RO 
i s  then 
and the r m s  noise becomes 
where the I F  f i l t e r  response, I HIF ( f )  I = 1. The f irst  te rn  i n  equation (5)  
represents current induced shot noise, the second term describes the thermal 
noise, and the  l a s t  term re su l t s  from the mixing of the noise and signal 
i n  the  square law device. For the  Spacelab  experiment, B i s  chosen t o  
f i l t e r  out as much high frequency noise as possible but stir1 retain 
suf f ic ien t  h igh  frequency components of the signal to allow spatial  variations 
i n  the signal to be measured with a resolution r; 2 km. I n  the model, the dc 
signal currents are assumed to  be digitized with a digi t izat ion error  of k O . 1  
percent; the dc signal currents are uti l ized w i t h  the inversion alogorithm t o  
retr ieve gas concentration profiles as a function of a l t i tude  ( re f .  6 ) .  
2 
L 
223 
CONCEPTUAL D E S I G N  O F  A TWO-GAS LHS  OPTICAL RECEIVER 
Optical Receiver 
Figure 2 is a schematic diagram of a two-gas simultaneous LHS optical 
r ece ive r  which is  cur ren t ly  be ing  used  to  provide  performance c r i t e r i a   f o r   t h e  
ITF model. The o p t i c a l  r e c e i v e r  c o n s i s t s  of two o p t i c a l  r e c e i v e r  c h a n n e l s  i n  
an integrated package, bore-sighted t o  observe the same t a n g e n t  a l t i t u d e  i n  
the  s t r a tosphe re .  Func t iona l ly ,  t he  op t i ca l  r ece ive r  i s  composed of t h r e e  
basic subsystems including: (1) t h e  t r a n s f e r  o p t i c s  t o  s i m u l t a n e o u s l y  i r r a d i a t e  
the photomixers  with the solar  and l o c a l  o s c i l l a t o r  (20) r a d i a t i o n ;  ( 2 )  a wave- 
l e n g t h  i d e n t i f i c a t i o n  and cont ro l  sys tem to  ident i fy  the  f requency  of  the  20 
t o  t h e  p r e c i s i o n  r e q u i r e d  t o  i n v e r t  t h e  r a d i o m e t r i c  s i g n a l ,  and a micro- 
processor  cont ro l led  command system t o  lock  the 20 wavelength t o  w i t h i n  5 MHz 
(precis ion)  of  the center  of t h e  a b s o r p t i o n  l i n e  t o  be  measured; and (3 )  a 
cal ibrat ion system with a 1273OK blackbody reference source t o  provide  ca l i -  
b ra t ion  of the  in s t rumen t  p r io r  t o  and following measurements performed during 
the  so l a r  occu l t a t ion  measurement per iod.  
The 20 t r ans fe r   op t i c s   coup le   t he   l a se r   r ad ia t ion   t o   t he   op t i ca l  t r a i n  
of t he  so l a r  s igna l  t h rough  e i the r  an f / l  germanium l e n s ,  o r  an f /1 .5  para- 
b o l i c  m i r r o r  a t  a 5 0 : 5 0  z inc  se len ide  beam s p l i t t e r .  The semiconductor laser 
is assumed t o  be completely polarized along the p-n junct ion (p- type polar i -  
z a t i o n ) .  The t r a n s f e r  o p t i c s  f o r  t h e  s o l a r  r a d i a t i o n  c o n s i s t  of a te lescope  
designed t o  p r o v i d e  a 3-inch collimated beam as t h e  i n p u t  t o  t h e  o p t i c a l  
rece iver .  A r e f l e c t i n g  beam div ider  separa tes  the  co l l imated  beam i n t o  two 
beams which serve  as t h e  i n p u t  o p t i c a l  t r a i n s  t o  t h e  LHS o p t i c a l  r e c e i v e r .  
Each o p t i c a l  t r a i n  is  d i r e c t e d  t o  a d i f f r a c t i o n  g r a t i n g ,  b l a z e d  t o  t h e  wave- 
length of i n t e r e s t  and cont ro l led  by a shaf t  encoder  with inputs  from a c e n t r a l  
microprocessor  system. The d i f f r a c t e d  s o l a r  s i g n a l  i s  focused on the  photo- 
mixer  through two of f   ax is   parabolas   ( f /3 )  and  combined wi th   the  Eo r ad ia t ion  
a t  t he  Zn-Se  beam s p l i t t e r .  The angle of t h e  d i f f r a c t i o n  g r a t i n g  is  s e t  t o  
center  the bandpass  of  solar  radiat ion a t  the wavelength of the absorption l ine 
of the target molecule. Laboratory experiments have been performed to demon- 
strate t h a t  a d i f f r ac t ion  g ra t ing  b l azed  a t  t he  appropr i a t e  wave leng th  
( f o r  NH3, W 965 an-', 100 grooves/mm) and a bandpass  of  1.5 cm-l a t  t he  
photomixer, yields a s p e c t r a l  r e j e c t i o n  r a t i o  of ( 1 O O O : l )  f o r  s o l a r  r a d i a t i o n  
outside the bandpass.  
An impor t an t  des ign  c r i t e r ion  fo r  t he  op t i ca l  r ece ive r  shown i n  f i g u r e  2 
is  the lack of a mode r e j ec t ion  sys t em fo r  r ad ia t ion  from t h e  t u n a b l e  s e m i -  
conductor laser.  This design is based upon r e s u l t s  r e p o r t e d  by Jacke l  and 
Guekos ( r e f .  1 2 )  i n  which the high frequency n o i s e  i n t e n s i t y  s p e c t r a  from CW 
G a A l A s  semiconductor lasers were s tud ied ,  and it w a s  general ly  observed that  a 
l a s ing  mode which is  o p t i c a l l y  i s o l a t e d  from o t h e r  a x i a l  modes o f  t he  l a se r  
exhibi ted much s t r o n g e r  i n t e n s i t y  f l u c t u a t i o n s  when compared t o  t h e  t o t a l  o u t -  
pu t  of the semiconductor  laser ,  par t icular ly  in  the frequency range below t h e  
intrinsic natural  resonance frequency of the laser.  Similar noise measurements 
have been performed with PbSnSe l a s e r s  a t  t h e  Langley Research Center and have 
been  reported a t  t h i s  c o n f e r e n c e  ( r e f .  7 )  confirming  these  conclusions for  
Pb-salt  lasers.  Although a l l  Pb-sal t  lasers which  have  been t e s t e d  do not  
exh ib i t  t hese  no i se  p rope r t i e s ,  t he  number is s u f f i c i e n t l y  l a r g e  w i t h  p r e s e n t  
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s ta te -of - the-ar t  l asers  to  warran t  th i s  des ign .  Therefore ,  in  the  des ign  shown 
i n  f i g u r e  2 ,  t h e  s o l a r  s i g n a l  is f i l t e r e d  t o  a s u f f i c i e n t  e x t e n t  t o  r e q u i r e  t h e  
l o c a l  o s c i l l a t o r  t o  have a mode spacing 21.5 cm-l i n  o r d e r  t o  confine hetero- 
dyning with the solar  s ignal  t o  one a x i a l  mode. 
In  des igning  the  opt ica l  rece iver  in  which severa l  modes simultaneously 
i r radiate  the photomixer ,  the added shot noise induced by the extraneous 
a x i a l  modes must be considered in  the  eva lua t ion  of the  u l t imate  s igna l - to-  
n o i s e  r a t i o  as w e l l  as excess  no i se  e f f ec t s  ( r e f s .  6 ,  7 ) .  To minimize e f f e c t s  
of t he  added shot  no ise  on the photomixer current, a requirement must be 
imposed upon the semiconductor laser which takes  into account  both excess  noise  
and lack of s p e c t r a l  p u r i t y .  To develop this requirement,  a series of s e m i -  
conductor laser performance c r i t e r i a  have been generated based upon the  
following analysis.  The s ignal- to-noise  ra t io  for  the heterodyne process  can 
be wri t ten as 
2 (F  - l ) k T o  2e a P '  + 2 + 2e a N e  
RC 
Rnl 
where Pio = l o c a l  o s c i l l a t o r  power pe r  mode w i t h i n  the  bandpass  of  the 
f i l t e r e d  s o l a r  s i g n a l  
Ne = equivalent excess noise power 
K = a propor t iona l i ty   fac tor   conta in ing   var ious  system constants  
P = blackbody power 
F = no i se   f i gu re  
S 
TO 
= 273 K reference temperature  for  noise  f igure 0 
Neglecting the amplifier noise term (second term in the denominator) this 
equation can be rewritten as 
P P '  /P s !Lo Ro 
1 + Ne/PRo 
S / N  = K' 
and K '  = K/2e a.  I f  t h e  laser s p e c t r a l   p u r i t y  is  def ined as S = Pio/PRo 2 
P 
225 
and the excess  noise  ra t io  as = 1 + Ne/PRo, equation (6) can be writ ten 
as E~~ 
where F' = Sp/ENR is a f igure  of  mer i t  which de f ines  minimum performance 
specif icat ions for  tunable  semiconductor  lasers .  For a l a r g e  number of tunable 
semiconductor l a s e r s  which  have  been t e s t e d ,  t h e  parameter ENR ranged  from 
1.0 t o  1.8 i n  t h e  a u i e t  r e a i o n s  of the tuning range which f o r  a value of 
S = 1.0 r e s u l t s   i n  a t y p i c a l   f i g u r e  of mer i t ,  F '  = 0.55.  This  represents 
a degradation of approximately 0.50 from t h e  t h e o r e t i c a l l y  c a l c u l a t e d  S/N 
r a t i o ,  and i s  t h e  f i g u r e  of meri t  used in  the ITF as t y p i c a l  of the expected 
performance c r i t e r i a  f o r  semiconductor l a s e r s  t o  b e  used i n  t h e  o p t i c a l  
r ece ive r  shown i n  f i g u r e  2 .  For  semiconductor lasers i n  which t h e  s p e c t r a l  
p u r i t y  (Sp) i s  <1.0, ENR must  be less   than  1.8 t o   ma in ta in  a degradation 
of  0.5  (e.g. ,   for Sp = 0.8, = 1.6;  f o r  S = 0.5, ENR 
P 
= 1 . 0 ) .  Moreover, 
by measur ing  the  to ta l  l aser  power of the semiconductor laser, t h e  f i g u r e  of 
mer i t  F', and the  no i se  f igu re  of the preamplif ier ,  the  expected s ignal- to-  
n o i s e  r a t i o  f o r  t h e  measurements can be obtained. 
P 
E~~ 
I n  specifying performance criteria for high performance but s t i l l  
pract ical   tunable   semiconductor   lasers  as Eo's in  the  experiment,   the 
f o l l o w i n g  c r i t e r i a  a r e  e s t a b l i s h e d  a t  t h e  e x i t  window of the cryogenic cooler:  
Total  Power 2 700 yWatts i n  "P" po la r i za t ion  
S p e c t r a l  p u r i t y  2 80 p e r c e n t  i n  c e n t r a l  mode 
Mode separa t ion  2 '1.5 an-' 
ENR _< 1 .8  
These performance c r i t e r i a  assume the  fo l lowing  op t i ca l  e f f i c i enc ie s  i n  
the   op t ica l   rece iver   des ign .   Tota l  go rad ia t ion   losses   inc lude   the  beam 
s p l i t t e r  ( 0 . 5 )  , o v e r f i l l  l o s s e s  o f  t h e  20 beam image a t  t h e  photomixer (0.10) , 
and t ransmission losses  of the photomixer window (0 .04)  for  a t o t a l  t r a n s -  
mission efficiency of 43 percent .  With 700 pW power a t  t h e  e x i t  window of 
the cryogenic  cooler ,  299 pW of power irradiates the photomixer element which 
i s  s u f f i c i e n t  t o  produce  1425 pamps of  shot  no ise  cur ren t .  In  the  opt ica l  
t r a i n  of t h e  solar r a d i a t i o n ,  o p t i c a l  r e f l e c t i o n  l o s s e s  are 0.85 and the  loss 
a t  t h e  beam spli t ter  is  0 .5 ,  fo r  a total  t ransmission eff ic iency of  0 .43.  
Furthermore, due t o  t h e  i n a b i l i t y  t o  p e r f e c t l y  match the  Airey  pa t te rn  of t h e  
so l a r  r ad ia t ion  and the  laser go beam, a heterodyne  eff ic iency of  0.84 is  
assumed i n  t h e  model. Calcu la t ions  and trade-off studies performed t o  optimize 
the  he te rodyne  ef f ic iency  for  th i s  des ign  a re  g iven  in  a companion paper t o  
th i s   con fe rence   ( r e f .   9 ) .  
Photomixer, Preamplifier, and I F  Processing Electronics  
The e f f e c t  of the photomixer,  preamplifier,  and I F  process ing  e lec t ronics  
on the  s igna l  is  modeled using power spec t r a l  dens i ty  t r ans fe r  func t ions .  The 
photomixer is  modeled using an e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  ( r e f .  13)  with 
s i g n a l  r o l l o f f  and sho t  no i se  e f f ec t s  i nc luded .  In  the  r e su l t s  o f  t he  
s e n s i t i v i t y  a n a l y s i s  r e p o r t e d  h e r e ,  t h e  measured frequency response for 
photomixer A shown i n  f i g u r e  3 w a s  used  from da ta  genera ted  in  labora tory  
experiments  (ref. 8 ) .  The t r ans fe r  func t ion  w a s  ca lcu la ted  by normalizing 
cu rves  to  a dc value of  1. The shot  no ise  components included in the equiva- 
l e n t  c i r c u i t  a r e  due t o  the dc current  induced by t h e  s i g n a l ,  t h e  l o c a l  
o sc i l l a to r ,  and the dark current .  In  addi t ion,  provis ion was made i n  t h e  model 
for a shot  no ise  component induced by excess  noise .  Noise sources  in  compo- 
nents following the photomixer are primarily Johnson noise and are combined 
with the Johnson noise of the photomixer. 
The IF  process ing  e lec t ronics  represent  the  s t ra ight forward  appl ica t ion  of  
m u l t i p o l e  f i l t e r s ,  power d i s t r i b u t i o n  a m p l i f i e r s ,  and square l a w  RF de t ec t ion  
d iodes  for  power de tec t ion .  The f i n a l  subsystem i n  the s ignal  chain i s  com- 
posed of a full-wave synchronous demodulator, running mean i n t e g r a t o r  and 
sample and ho ld  c i r cu i t .  Each element just  described was checked t o  determine 
f i d e l i t y  t o  s p e c i f i c a t i o n  o r  d e s i g n  and,  where necessary ,  incorpora ted  in to  the  
ITF.  
Wavelength I d e n t i f i c a t i o n  and Control Subsystem 
In  f igu re  2 ,  a wavelength ident i f icat ion and cont ro l  system is  shown i n  
which t h e  l a s e r  r a d i a t i o n  from the  beam s p l i t t e r  i s  transmitted through an 
in /ou t  gas  ce l l ,  a d i f f r a c t i o n  g r a t i n g  u s e d  t o  i s o l a t e  t h e  a x i a l  mode of the 
l a s e r  which over laps  the  absorp t ion  l ine  of i n t e r e s t  and a 2.5-cm ( 1 - i n )  diam- 
e te r  in /out  Fabry-Pero t  e ta lon  inser ted  pr ior  to  de tec t ion  wi th  an I-Ig-Cd-Te wave- 
l eng th   i den t i f i ca t ion  ( A I D )  de t ec to r .  The primary  functions of the  wavelength 
I D  and control   subsystem  are   to  (1) tune  the  wavelength  of  the go t o  t h e  
center  of t he  abso rp t ion  l i ne  to  an accuracy between 5 t o  20  MHz, depending 
upon the  spec ie s  o f  i n t e re s t ,  ( 2 )  provide command and con t ro l  l og ic  to  lock  
the wavelength to the required accuracy, and ( 3 )  provide command and cont ro l  
log ic  to  the  c ryogenic  cooler  and l a s e r  wave leng th  d r ive  to  u t i l i ze  a l a s e r  
ope ra t ing  po in t  f r ee  of "excess-noise"  effects .  
The wavelength I D  and control system has been designed to perform 
ident ical  wavelength cal ibrat ion funct ions as  used i n  high resolut ion spectro-  
scopic  measurements  of gas  molecules  ( ref .  14), but  the  cont ro l  func t ions  i n  
t h i s  experiment w i l l  be completely automated and cont ro l led  by a c e n t r a l  
microprocessor  system. The wavelength I D  system is  being  assembled t o  perform 
the  following  functions  in  sequence. First, a coarse  wavelength  selection  of 
t h e  l a s e r  mode is  performed using a servo-driven grating monochromator a t  t h e  
same t ime  tha t  t he  so l a r  i so l a t ion  g ra t ing  is  tuned t o  t h e  c e n t e r  o f  t h e  atmos- 
pheric absorption l ine to be measured. A microprocessor system sets the cooler 
temperature and  ramps the  in jec t ion  cur ren t  to  de te rmine  opera t iona l  limits 
t h a t  l o c a t e  t h e  l a s e r  mode within the bandpass of the wavelength identification 
monochromator. The spectral  response of  the A I D  de t ec to r  i s  s tored  by t h e  
microprocessor  as w e l l  a s   the   th reshold   cur ren t  11 and t h e  c u r r e n t  a t  mode 
power cutoff  12. Secondly,   the   gas   cel l  is  d r i v e n  i n t o  t h e  l a s e r  beam and 
t h e  l a s e r  s i g n a l  is ramped again.  The reference gas  i n  t h e  c e l l  mus t  be a 
s t a b l e  g a s  w i t h  a t  l e a s t  two well-known v ib ra t ion - ro t a t ion  l i nes  ly ing  on 
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e i ther  s ide  of  the  a tmospher ic  absorp t ion  l ine  t o  be measured. Suitable 
re ference  gases  for  the  7 .5  to  13 .0  prn region  include OCS, SO2, and NH3. The 
spectral ,  response of  the AID d e t e c t o r  is  aga in  s tored  by the microprocessor and 
the  two response  func t ions  ra t ioed  to  obta in  the  normal ized  absorp t ion  spec t ra  
of the reference gas .  Third,  the Fabry-Perot  e ta lon with free  spectral range 
of 500 MHz is  i n s e r t e d ,  w i t h  t h e  r e f e r e n c e  g a s  c e l l  removed, t o  g e n e r a t e  i n t e r -  
f e rence  f r inges  to  e s t ab l i sh  the  tun ing  rate f o r  t h e  laser mode. Following 
t h i s  o p e r a t i o n a l  step, the  microprocessor  has  suf f ic ien t  in format ion  to  set 
the  cur ren t  of  the  laser to  lock the wavelength near  the center  of the  
atmosphere absorption line. 
Fine  tuning  of  the 20 wavelength i s  achieved by microprocessor  inter-  
rogat ion of t h e  f i v e  I .F.  s i g n a l  c h a n n e l s  t o  i n s u r e  d u r i n g  t h e  f i r s t  s o l a r  
occu l t a t ion  measurement p e r i o d  t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  f i v e  I .F .  
channels  conforms to  expected values .  The microprocessor system w i l l  be 
designed to  provide this  f ine tuning capabi l i ty  through control  of the temper- 
a t u r e  and inject ion current  of  the semiconductor  laser. In  the  even t  t ha t  t he  
expected absorpt ion l ine is not  ident i f ied in  the atmosphere,  the microprocessor  
c o n t r o l  u n i t  w i l l  be  placed in  a scanning mode of  opera t ion  to  genera te  
absorption spectra of the atmosphere over the tuning range of t he  TDL mode. 
Cal ibra t ion  and Alignment Subsystem 
The calibration subsystem shown i n  f i g u r e  2 cons is t s  of  an  1273OK black- 
body source and a collimator assembly unit designed t o  completely ret race the 
solar  s ignal  through the two channels of the LHS o p t i c a l  r e c e i v e r ,  and provides 
f o r  i n j e c t i o n  of a highly stable, ruggedized C 0 2  l a s e r  a s  a reference 20 
s igna l  to  va l ida te  per formance  of the photomixer and t h e  I . F .  processing 
e l ec t ron ic s .  The cal ibrat ion system w i l l  be  used f o r  ground c a l i b r a t i o n  and 
alignment. A He-Ne l a s e r  w i t h  a divided two-beam output  w i l l  be  used f o r  
ground set-up +nd al ignment  (detai l  not  shown  on t h e  f i g u r e ) .  
LABORATORY MEASUREMENTS 
A s e r i e s  of labora tory  measurements has  been  performed t o  s u b s t a n t i a t e  
some of t h e  b a s i c  d e s i g n  c r i t e r i a  shown i n  f i g u r e  2 with a laboratory 1-channel 
LHS instrument.  A schematic of the laboratory measurement  system is shown i n  
f igu re  4. The instrument  system consis ted of  three radiat ion sources  including 
a 1273O K blackbody source, a h igh ly  s t ab le  C 0 2  l a s e r  and a tunable  s e m i -  
conductor laser mounted i n  a standard cryogenic mechanical refrigerator.  
Experiments were performed i n  which the blackbody source could be heterodyned 
wi th  e i the r  t he  C02  or semiconductor laser. Similarly,  heterodyning  experiments 
have been performed with the C02  and TDL l a s e r s .  Two photomixers  were  used i n  
the experiment including a commercial photomixer with a measured e f f e c t i v e  
heterodyne quantum e f f i c i ency  (0) of 1 2  percent  from 5 t o  115 MHz, and a 
research  photomixer  with a measured 0 of 38 percent .  The research  photomixer 
w a s  provided by t h e  MIT Lincoln Laborator ies ,  D. L. Spears.  Preamplifier noise 
figures  €or  both  photomixers  were 2 dB. In  general ,  the  laboratory experiments  
addressed three basic  quest ions:  
(1) The signal-to-noise  ratio  obtained  with  the  tunable  semiconductor 
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l a s e r s  when compared t o  the s ignal- to-noise  measurements obtained with a 
s t a b l e  C02 l a s e r .  
( 2 )  The phenomena of "excess noise" and expec ted  degrada t ions  for  typ ica l  
tunable semiconductor lasers ei ther  procured under  contract ,  obtained from 
NASA sponsored research programs,? or  obtained on consignment from the General 
Motors Research Laboratories. 
( 3 )  The r e l a t i v e  magnitude of the RF noise induced by photomixing a 
m u l t i p l i c i t y  of a x i a l  modes from the tunable semiconductor lasers and the  
blackbody source and the  RF noise induced by a frequency isolated mode f r o m  
the semiconductor lasers. 
In  order  to  de te rmine  the  pro jec ted  sens i t iv i ty  of t he  LHS experiment t o  
measure t r a c e  g a s  c o n s t i t u e n t s  i n  t h e  s t r a t o s p h e r e ,  l a b o r a t o r y  measurements 
have been performed t o  compare s igna l - to-noise  ra t ios  wi th  se lec ted  s e m i -  
conductor  lasers  and h igh ly  s t ab le  CO2 l a s e r  l o c a l  o s c i l l a t o r s .  F i g u r e  5 
shows comparative r e s u l t s  of the signal-to-noise ratio for measurements with 
C 0 2  l a s e r s  ( s o l i d  l i n e s )  and a semiconductor l a s e r   ( s q u a r e s ) .   T h i s   p a r t i c u l a r  
semiconductor l a se r  exh ib i t ed  nea r ly  s ing le  mode output  over  the current  
tuning  range  for a fixed  operating  temperature.  The measured s i g n a l s  f o r  t h e  
C 0 2  l a s e r  measurements were compared t o  a theore t ica l ly  der ived  curve  for  a 
1 2 7 3 O  K blackbody, with appropriate losses due t o  t h e  t r a n s f e r  o p t i c s .  Com- 
par ison between theory and experiment is  shown i n  t h e  f i g u r e  f o r  t h e  two 
photomixers. The experiments  performed  with  the  semiconductor  laser  gen- 
e ra t ed  a maximum heterodyne detector photocurrent of 400 microamperes 
( ' 7 ~ ~ ~  = 38 p e r c e n t ) .  The higher signal-to-noise ratio for the semiconductor 
l a s e r  r e s u l t s  from  minor  alignment d i f f e rences  and experimental  scat ter .  The 
important point of t h e s e  r e s u l t s  is  t h a t  semiconductor lasers,when properly 
se l ec t ed  fo r  qu ie t  ope ra t ion ,  can  be a s  e f f e c t i v e  a s  C 0 2  l a se r s  i n  p rov id ing  
s ignal- to-noise  a t  equal  power. 
Ut i l iz ing  the  exper imenta l ly  measured value of 1 2 7 3 O  K ,  the experimental 
curve w a s  e x t r a p o l a t e d  t o  a solar source temperature of 5500° K f o r  an  assumed 
effect ive heterodyne quantum eff ic iency of  2 5  percent and other  parameters  
l i s t e d  i n  t he  f igu re .  These resul ts  demonstrate  that  for  semiconductor  lasers  
opera t ing  wi th  s ing le  mode output ,  s igna l - to-noise  ra t ios  i n  excess of 1000 can 
be achieved using heterodyne detection without requiring the heterodyne photo- 
cu r ren t  t o  be  in  the  sho t  no i se  l imi t ed  r eg ime .  
In  general ,  tunable  semiconductor  lasers  operat ing in  a s i n g l e  mode over 
desired wavelengths for the LHS expe r imen t  a re  d i f f i cu l t  t o  ob ta in  wi th  cu r ren t  
technology. 
'Research lasers were obtained from Laser Analytics Incorporated under 
con t r ac t  NAS1-15190. Pa r t i a l  funding  for  th i s  cont rac t  w a s  provided by the  
LOS Alamos Laborator ies ,  technical  monitor  D r .  H. F l i cke r .  
2A number of  research  lasers  were obtained from the General Motors 
Research Laboratories on consignment €or t e s t  and evaluat ion in  the heterodyne 
mode. Technical  col laborators  includea L?K. John H i l l  and D r .  Wayne Lo. 
229 
The "excess  no i se"  e f f ec t s  i n  ce r t a in  r eg ions  have been discussed by Ku 
and Spears  ( re f .  15) .  In  a companion paper t o  t h i s  c o n f e r e n c e  , ' 'excess noise" 
measurements and mechanisms  have  been d iscussed  ( re f .  7 ) .  The LHS design shown 
i n  f i g u r e  2 assumes t h a t  semiconductor lasers w i l l  be multimode and w i l l  
opera te  in  the  quie t  reg ions  of  the  TDL output.  Control of "excess noise" 
regions by controll ing operating temperature and in j ec t ion  cu r ren t  has been 
d iscussed  previous ly  ( re f .  6 ) .  I n  f i g u r e  6 ,  comparative  measurements  of  the RF 
noise  power i n  dB as a function of frequency from 5 t o  500 MHz is  shown f o r  a 
typical tunable semiconductor laser and a C02  l a s e r  l o c a l  o s c i l l a t o r  f o r  a 
signal induced photocurrent of 400 microamperes.  For  reference,  the  preampli- 
f i e r  and dark current  noise  level  for  the photomixer  and IF processing 
e l e c t r o n i c s  is  shown. A s  no ted  ea r l i e r ,  it has been observed that  in  ' 'quiet ' '  
regions of t he  l a se r  t un ing  r ange ,  t he  RF no ise  power can still be more severe 
for semiconductor lasers than  fo r  C02 l a s e r s .  Measurements were performed 
using a semiconductor  laser  in  which grea te r  than  80 percent  power was i n  t h e  
c e n t r a l  mode and the remaining power d i s t r ibu ted  ove r  t h ree  o the r  ax ia l  modes. 
Typical values of t he  deg ree  to  which TDL R F  power exceeds that from equivalent  
C02 l a s e r  induced RF power a r e  on the order  of  2 dB. This  res idual  noise  has  
been used i n  t h e  ITF i n  computing the  unce r t a in ty  in  the  r e t r i eved  concen t r a -  
t i o n s  of various trace molecules i n  the  s t ra tosphere  us ing  the  LHS experiment. 
For completeness, the measured dependence of the photomixer efficiency as a 
function of frequency €or two photomixers  s tudied in  our  laboratory is  shown 
i n   f i g u r e  3. I n   t h e  ITF,  photomixer A has  been modeled as  the  expected 
performance c r i t e r i a  f o r  t h e  LHS experiment. 
LHS RGTRIEVED CONCENTRATION PROFILES (SIMULATED) 
Figure 7 shows r e s u l t s  of the LHS sens i t iv i ty  s tud ies  for  measur ing  
s t r a t o s p h e r i c  O3 f rom Spacelab al t i tudes,  using the ITF func t ion  d iscussed  in  
sec t ion  2 .  For t h i s   s imu la t ion  , an go wavelength a t  1129.4420 cm'l w a s  
se lected to  correspond to  the peak of  a r e l a t i v e l y  i n t e n s e  O 3  molecular tran- 
s i t i o n  l y i n g  w i t h i n  an atmosphere window. Five I . F .  channels were s e l e c t e d  t o  
de tec t  rad iances  wi th in  the  O3 l i n e  i n  o r d e r  t o  op t imize  the  sens i t i v i ty  of t he  
measurement ove r  t he  en t i r e  a l t i t ude  r ange .  The pos i t i on  of the  I .F .  channel 
c e n t e r s  r e l a t i v e  t o  t h e  Eo wavelength are l i s t e d  as DNU (an- ')  ; the  bandpass 
of each  channel is  l i s t e d  as BETA (MHz). An i n t eg ra t ion  t ime ,  TAU ( sec )  , of 
100 m s  is  used for each channel.  For each tangent alt i tude,  t w o  channels are 
used t o  inve r t  t he  r ad iance  da t a .  One channel l ies  wi th in  the  0 3  absorption 
l i n e ,  and the  o ther  channel  l i es  ou ts ide  the  absorp t ion  l ine  to  account  for  
f l u c t u a t i o n s  i n  t h e  background radiance and f o r  continuum absorption effects.  
For  upper  a l t i tudes where O3 a t tenuat ion  is r e l a t i v e l y  low, channels near l ine 
center  are used;  for  lower al t i tudes where the  O3 a t tenuat ion  i s  high, channels 
i n  the  wing  of t he  O3 l ine  a re  used .  The channels  selected €or  var ious 
a l t i t u d e s  a r e  l i s t e d  t o  t h e  r i g h t  of f i gu re  7 .  
I n  f igu re  7 ,  t he  two s o l i d  p r o f i l e s  r e p r e s e n t  t h e  i n i t i a l  and m e a n  
r e t r i eved  O3 p r o f i l e .  E r r o r  b a r s  i n d i c a t e  2 1  s tandard  devia t ion  of 20 sample 
r e t r i eva l s  gene ra t ed  by per turb ing  the  s imula ted  ins t rument  cur ren t  prof i le  
with a random Gaussian noise source to  s imulate  random ins t rument  e r rors .  The 
e r r o r  b a r s  a r e  an est imate  of  the uncertainty in  the LHS measurement of ozone 
a t  va r ious  t angen t  a l t i t udes .  F igu re  8 shows t h e  f r a c t i o n a l  e r r o r  of t h e  
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mean mixing r a t io  fo r  t he  s imula t ed  measurements as a func t ion  of  a l t i tude  for  
t h e  p r o f i l e  i n  f i g u r e  7. Measurement unce r t a in t i e s  57 percent can be achieved 
for  a l t i t u d e s  220 km. For a l t i t u d e s  below 20 km, t h e  f r a c t i o n a l  error 
increases  due t o  t h e  r e l a t i v e l y  small O3 concen t r a t ions  in  th i s  a l t i t ude  r ange  
and the  la rge  a t tenuat ion  by 0 3  i n  t h e  o u t e r  s h e l l s .  To ob ta in  a f r a c t i o n a l  
e r r o r  of the  mean 1 7  percent  below 2 0  km requ i r e s  the  use  of a second local 
oscillator tuned t o  a weaker O3 t r a n s i t i o n  i n  o r d e r  t o  increase t h e  solar 
radiance incident  upon t h e  Hg-Cd-Te photomixer. U s e  of t w o  go's €or  the  ozone 
measurement provide measurement u n c e r t a i n t i e s  57 p e r c e n t  o v e r  t h e  t o t a l  
p r o f i l e .  
Figures  9 and 10 show similar r e s u l t s  f o r  CgO f o r  an 20 wavelength of 
856.499 cm-I ( r e f .  16 ) .  In  f igu re  9, two r e t r i e v e d  p r o f i l e s  a r e  shown f o r  t h e  
same in i t i a l  p ro f i l e .  In  f igu re  9 (a ) ,  t he  conven t iona l  i nve r s ion  a lgo r i thm 
w a s  used a s  desc r ibed  in  ( r e f .  6 ) .  In  f igu re  9 ( b ) ,  a d a t a  smoothing  cubic 
sp l ine  rout ine  w a s  used t o  reduce the random e r ro r s  a s soc ia t ed  wi th  the  
r e t r i eved  p ro f i l e .  The r e s u l t s  show a s i g n i f i c a n t  improvement i n  t h e  r e t r i e v e d  
p r o f i l e  where e r ro r  ba r s  r ep resen t ing  ?1 s t anda rd  dev ia t ion  a re  s ign i f i can t ly  
reduced  (factor of 6 ) .  Although  use  of  the  cubic  spline  technique  signifi-  
,cantly reduces the error bars ,  use  of the  technique w i l l  reduce the capabi l i ty  
of  the experiment t o  measure s p a t i a l  v a r i a b i l i t y  i n  t h e  v e r t i c a l  p r o f i l e  € o r  a 
ex ten t  52 km. Figure 10, which shows t h e  f r a c t i o n a l  e r r o r  of t he  mean 
i x i n g  r a t i o  f o r  CRO, corresponds t o  t h e  unsmoothed r e t r i e v e d  p r o f i l e s -  
Figures 11 and 1 2  show similar r e s u l t s  f o r  H 2 0 2  f o r  an go wavelength  of 
of 1251.2563  cm-l,  again f o r  an  unsmoothed inversion  algorithm.  For  these 
s imulat ions,  it has been assumed that  a tmospheric  pressure a t  the  tangent  
a l t i t u d e  can be  measured t o  an accuracy of ?3 percen t  ( r e f .  17), and the  temper- 
a t u r e  p r o f i l e  i s  determined to  an accuracy of +3 K. Resul ts  of t h e  s t u d i e s  
performed on 03, CRO, and H 2 0 2  wi th  the current  ITF ind ica te  the  fo l lowing:  O3 
r e t r i e v a l s  o v e r  t h e  v e r t i c a l  p r o f i l e  from 20 t o  50 k m  can be obtained with 
accuracies exceeding 93 percent without data smoothing and with accuracies 
approaching 96 percent with data smoothing; €or CRO, accurac ies  250 percent  
can be achieved over 20 t o  40 km without data smoothing and 285 percent  with 
data smoothing; for H 2 0 2 ,  accuracies  290 and 80 percent  can  be  achieved  over 
2 0  t o  40 k m  with and without use of data smoothing techniques,  respectively.  
These sens i t iv i ty  ana lyses  a re  cur ren t ly  be ing  conducted  €or  o ther  sc ien t i f -  
i ca l ly  in te res t inq  qases  impor tan t  to  unders tanding  the  chemis t ry  of  the  s t ra to-  
sphere,  but  depend upon the  genera t ion  of high resolut ion spectroscopic  param- 
e t e r s  i n c l u d i n g  l i n e  i n t e n s i t y ,  l i n e  p o s i t i o n ,  and l ine  shapes.  
3H202 s p e c t r a  were provided by D r .  A.  Goldman, University of Denver 
(AV 50.02 cm-1). 
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Figure 1.- LHS instrument  t ransfer  funct ion model. 
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Figure 2.- Schematic of two-gas LHS Spacelab optical  receiver.  
(1 i n .  = 2.54  cm; 1 f t .  = 0.305 m.) 
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Figure  3.- Measured  photomixer  quantum  efficiency vs  frequency.  Photomixer 
A - research photomixer;  photomixer B - commercial  device.  
F igure  4.-  S ingle  channel  LHS l a b o r a t o r y  model. 
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Figure 6.- Comparative RF noise  measurements €or  C02 and semiconductor lasers. 
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